Otitis media is the most common cause of hearing impairment in children and is primarily characterized by inflammation of the middle ear mucosa. Yet nothing is known of the underlying genetic pathways predisposing to otitis media in the human population. Increasingly, large-scale mouse mutagenesis programs have undertaken systematic and genomewide efforts to recover large numbers of novel mutations affecting a diverse array of phenotypic areas involved with genetic disease including deafness. As part of the UK mutagenesis program, we have identified a novel deaf mouse mutant, Jeff ( Jf ). Jeff maps to the distal region of mouse chromosome 17 and presents with fluid and pus in the middle ear cavity. Jeff mutants are 21% smaller than wild-type littermates, have a mild craniofacial abnormality, and have elevated hearing thresholds. Middle ear epithelia of Jeff mice show evidence of a chronic proliferative otitis media. The Jeff mutant should prove valuable in elucidating the underlying genetic pathways predisposing to otitis media.
INTRODUCTION
Otitis media, inflammation of the middle ear epithelial lining, remains the most common cause of hearing impairment in children (Davidson et al. 1989; Kubba et al. 2000) . It is also the most common cause of surgery in children in the developed world. Two forms of chronic otitis media are generally known: chronic purulent otitis media (accompanied by tympanic membrane perforation) and chronic otitis media with effusion (Mawson 1974) . Prolonged stimulation of the inflammatory response and poor mucociliary clearance can lead to the persistance of middle ear fluid giving rise to the clinical presentation of otitis media with effusion (OME) (Kubba et al. 2000) . Risk factors include craniofacial abnormalities, impaired mucocilliary function, and the presence of an inflammatory stimulus, such as bacteria. Various sociological factors are also known to have a role, all of which relate to an increased propensity to infection (Kubba et al. 2000) . There is evidence from studies of the human population that there is a significant genetic component predisposing to OME (Casselbrant et al. 1999 ), yet nothing is known about the underlying genetic pathways involved. In addition, there is still considerable debate over the etiology of OME and the underlying pathological mechanisms (Kubba et al. 2000) .
Large-scale phenotype-driven ENU (N-ethyl-Nnitrosourea) mutagenesis programs in the mouse are a rich source of novel mutant phenotypes that can be used in systematic efforts for examining mammalian REH and AE contributed equally to this study. SDMB and KPS are joint senior authors. gene function (Hrabe de Angelis et al. 2000; Brown and Balling 2002) . Moreover, they also can deliver powerful disease models that provide an effective route for elaborating the genetic pathways that may underlie human genetic disease (Nadeau et al. 2002) . Recently, two large-scale dominant genome-wide ENU mutagenesis screens have been described. A variety of phenotype screens were employed covering a wide range of systems and around 1000 mutant phenotypes were identified (Hrabe de Angelis et al. 2000; Nolan et al. 2000) . Many of the mutant phenotypes recovered potentially represent mutations at novel loci in the mammalian genome .
Mouse models have played and continue to play an important role in studying the genetic causes of hearing impairment. A large catalog of mouse mutants that are deaf or demonstrate vestibular dysfunction is available. A number of these mutations have been cloned and have provided us with many profound insights into the critical proteins involved in the development and function of the auditory apparatus (Steel and Cros 2001; Brown and Steel 2002) . Nevertheless, it is clear that we do not possess mouse mutants for all loci and pathways potentially involved in hearing impairment. In order to increase the breadth of mouse mutant models for hearing impairment, we have instituted a screen for deafness and vestibular phenotypes as part of the UK mutagenesis program . Mutant mice were assessed for deafness and vestibular function as part of the SHIRPA screening protocol. As part of this protocol, mice were screened for deafness by recording the Preyer reflex in response to high frequency sound. A calibrated clickbox that generates a brief 20 kHz soundburst at 90 dB SPL was used in the UK ENU mutagenesis screen . In order to detect a vestibular defect, a battery of specific balance tests was employed (Hardisty et al. 1999) , including the contact righting test, the reaching response, and the negative geotaxis tests.
We have identified from the deafness screen in the UK mutagenesis program a novel hearing-impaired mutant, Jeff. Examination of the Jeff mutant showed that it had a chronic proliferative otitis media. The discovery and characterization of the Jeff mutant provides a new and important model for dissecting the underlying genetic causes of otitis media in the human population.
METHODS

Genetic mapping
We generated backcross progeny for mapping using the speed backcross approach already described . Briefly, backcross progeny are derived using Jf/+ sperm to fertilize C3H eggs. We phenotyped backcross progeny for deafness using a calibrated clickbox (20 kHz, 90 dB SPL, from the MRC Institute of Hearing Research, Nottingham, UK). Thirty DNAs were pooled from affected individuals and then genome scanned. Once a region of linkage was identified, we confirmed the map position by genotyping and haplotype analysis of individual affected backcross progeny.
FACS analysis
Seven Jf/+ mutant mice and 7 +/+ mice were rederived into isolators. Blood (300 lL) was taken from the tails of these animals at 43-44 days of age and 121-127 days of age and placed into EDTA-treated tubes; flow assisted cell sorting (FACS) analysis was carried out to identify levels of lymphocytes, neutrophils, CD4, CD19, CD3, and monocytes. Analysis was carried out on a Becton Dickinson FACSORT (BD, Franklin Lakes, NJ) using Cellquest (BD Biosciences, CA) software.
Histology
Twenty-three Jf/+ and 22 +/+ left-half adult heads (121-127 days old) were sectioned to investigate the Jeff middle ear and inner ear phenotype. Heads were bisected and fixed in 10% neutral buffered formaldehyde. Specimens were then decalcified in 10% formic acid in a 10% solution of sodium citrate. After rinsing in water, the half heads were put into EDTA for 14 days. After dehydration through graded alcohols, specimens were embedded in paraffin wax. Ten micrometer sections were cut in a saggital orientation. Sections were stained using a standard hematoxylin and eosin procedure. Newborn heads (8 Jf/+ and 7 +/+) were processed in the same manner without the decalcification steps.
3D reconstruction
Serial sections from single Jf/+ newborn and adult mice as well as single newborn and adult +/+ mice were captured using Zeiss Axioplan software and aligned by eye. Areas on images were selected in Adobe Photoshop (Adobe Systems Inc., San Jose, CA) and reconstructed using SlicerDicer software (Visualogic Inc, Bellevue, WA).
Physiology and ultrastructure
Middle ears were examined in urethane-anesthetized mice by opening the caudal wall of the middle ear during surgery to place a recording electrode, as well as by later dissection (20 Jf/+ and 16 +/+ aged 26-53 days, 6 Jf/+ and 5 +/+ aged 11-28 months). Computer-averaged cochlear nerve compound action potentials were measured in response to calibrated tone burst stimuli, delivered through a closed sound system at frequencies between 3 and 30 kHz and at varying intensities, to establish thresholds (6 Jf/+ and 5 +/+ aged 34-37 days, 7 Jf/+ and 5 +/+ aged 11-28 months) as previously described (Steel and Smith 1992) . However, the recording electrode in these experiments was placed upon the bony wall of the cochlea near the round window niche instead of on the round window in both mutants and controls, because of the difficulty in clearing and visualizing the round window in the mutant ears. Following response recording, the middle ear was opened further, a small hole made in the bony wall of the basal turn cochlear duct, and a 150 mM KCl-filled micropipette electrode inserted into the scala media to measure the endocochlear potential (16 Jf/+ and 13 +/+). After physiological recording, middle ear ossicles were dissected out and examined (10 Jf/+ and 9 +/+). Inner ears were cleared using standard techniques and examined for gross structural defects (4 Jf/+ and 5 +/+), and the surface of the organ of Corti and middle ear were examined by scanning electron microscopy (13 Jf/+ and 11 +/+) using standard techniques (Self et al. 1998 ).
Immunohistochemistry
Specimens (5 +/+ and 6 Jf/+) were treated as described above in the Histology subsection. Sections were deparaffinized for 15 minutes in xylene and put through two changes of 100% ethanol. Sections were then immersed in 0.3% hydrogen peroxide in methanol for 30 minutes. After washing in phosphatebuffered saline (PBS), sections were placed in a 0.2% solution of triton-X in PBS for 30 minutes. Sections were washed in PBS and blocked in 5% milk powder in PBS for 5 minutes. Antibodies raised to IL-1b, IL-8, and TNFa (Santa Cruz Biotechnology) were applied to the slides in a 1.5% solution of milk powder at a concentration of 10 lg/mL. Slides were left overnight at 4°C in a hydrated chamber. Slides were washed in PBS, and biotinylated horse antigoat secondary antibody (Vector Laboratories, Burlingame, CA) was applied in PBS for 30 minutes. Slides were washed again in PBS and the Avidin-Biotin complex (Vector Laboratories) was applied for 30 minutes. After further washing in PBS, slides were DAB stained until brown cells were apparent. The reaction was quenched in PBS and sections were counterstained with hematoxylin (blue coloration). Slides were mounted with aquamount (BDH Laboratory Supplies, UK), coverslipped, and photographed using a Zeiss Axioplan 2.
RESULTS
We identified the Jeff founder mutant mouse as it showed an absent Preyer response to a clickbox test indicating that it was deaf. Inheritance testing demonstrated that the Jeff deafness phenotype was fully penetrant from about 4 weeks of age, and transmission of the Jeff allele did not differ significantly from the expected 1:1 ratio (C 2 = 0.19, df = 1, p > 0.1). We found that all affected Jf/+ mice also demonstrated a shortened snout and occipital region compared with wild-type mice, indicating a mild craniofacial abnormality, but no other skeletal defects were evident (Fig. 1A) . There was no significant variation of these features in the Jeff mice. We compared weights of adult Jf/+ mice to wild-type littermates and found Jf/+ mice to be 21% smaller (mean weight at 28 days: Jf/+, 17.0 ± 0.88 g; wild-type, 21.6 ± 0.32 g; one-way ANO-VA, F = 35.08, n = 51, p < 0.001; see also Fig. 1B) .
The gross structures of the middle ear ossicles and the inner ear were normal in Jf/+ mice, and scanning electron microscopy (SEM) of the organ of Corti showed no evidence of significant hair cell degeneration up to and including 18 months old (data not shown). Further investigation of the middle ear, however, showed Jf/+ mice had pus and fluid in the middle ear (ME) cavity. There were no obvious perforations of the tympanic membrane observed by gross inspection under a dissecting microscope, indicating that the Jeff mutant is a model of chronic otitis media with effusion. This was associated with raised thresholds for a cochlear nerve response (Fig.  2 top) in comparison with littermate controls, in which middle ear inflammation was never seen. In older mutants, thresholds were considerably raised, beyond the level that might be expected from a purely conductive impairment (Fig. 2 top) . We measured the endocochlear potential, a resting potential of the fluid that bathes the upper surface of hair cells and which is generated by the stria vascularis of the cochlear duct. Several of the mutants showed abnormally low endocochlear potentials (Fig.  2 bottom) , suggesting that impaired strial function might account for the sensorineural component of the hearing loss, although there were no obvious lateral wall defects observed in sections of Jf/+ cochleas (not shown). There have been many case reports of a sensorineural component to the hearing loss in humans with middle ear disease (Paperella 1991). Recent work implicates the lateral wall fibrocytes in cochlear pathology after experimental otitis media (Ichimiya et al. 2000) consistent with the reduced endocochlear potentials that we report.
We undertook the genetic mapping of the Jeff mutant using a speed backcross approach , pooling of affected backcross progeny DNAs, and fluorescent genotyping with a panel of 100 microsatellite markers (Isaacs et al. 2000) . Initial linkage to chromosome 17 was indicated and con- FIG. 2 . Physiology of the Jeff mouse mutant. Top. Thresholds for detection of a cochlear nerve compound action potential. Young mice were aged 34-37 days old, and old mice were 11-18 months old. Two mutants aged 28 months showed no responses up to the peak output of the sound system (indicated by open triangles), and only a few responses to high-intensity stimuli were detected among the remaining old group of mutants aged 11-18 months, indicated by black diamonds. Remaining lines represent mean ± SEM. Bottom. Endocochlear potentials are plotted, showing abnormally low measurements in several of the mutants in both young and old age groups.
FIG. 3.
Genetic mapping of the Jeff mutant. Speed backcrosses were utilized for the mapping of Jeff. Jf/+ sperm was used to fertilize C3H eggs, backcross progeny were phenotyped, and tail DNA from unaffected and affected individuals was prepared for genotyping (see Methods). Haplotypes of markers in the vicinity of Jeff are shown (filled boxes = BALB/c/C3H hybrids and Jeff mutants; open boxes = C3H homozygotes and wild-type mice at the Jeff locus). Marker and gene order is established by minimizing recombinants.Homology relationships to the human genome for distal mouse chromosome 17 are also shown. The gene Six2, which in human maps to 2p15-16 and lies within the conserved segment between mouse chromosome 17 and human 2p16-23, maps 1.96 ± 1.94 cM proximal to Jeff, indicating that the homolog of Jeff may map to human 2p. However, a single gene DUSP1 (mouse: Ptpn16), mapping to human 5q34, lies distal of six2 and disrupts this conserved segment.
firmed by genotyping of individual affected DNAs (Fig. 3) . The Jeff mutation lies between the gene Six2 and the microsatellite marker D17Mit221 on distal chromosome 17. These markers are 6.67 ± 4.55 cM apart. No other deaf mouse phenotype has been reported to map at this location. The distal end of mouse chromosome 17 encompasses a large conserved segment of homology with human chromosome 2 (2pl6-2p23) that includes Six2, suggesting that the human homolog of Jeff maps to this region. However, Jeff maps to the distal end of this conserved segment (see Fig. 3 ), and we have not shown that any other genes from human 2p map distal of Jeff. Therefore, we cannot rule out the possibility that the Jeff homolog maps to a different human chromosome region.
We carried out a detailed analysis of the structure of the ME cavity in newborn Jf/+ mice. Jf/+ mice were easily recognized at this age because of small body size and a blunt nose (see above). The lumen of the eustachian tube (ET) was smaller in Jf/+ newborn mice, though the scale of the reduction in size was variable (Fig. 4A,B,E,F) . While some areas of the epithelial lining of the ET were intact, many regions were very disrupted, with cells sloughing off and accumulated cell debris in the lumen (see insert in Fig. 4A,B) . In some newborn Jf/+ mice the ME cavity had apparently collapsed (Fig. 4B) . We also examined the ME cavity and ET in adult Jf/+ mice. The ME cavity appeared to be reduced in size (Fig. 4C,D) . Three-dimensional reconstruction demonstrated that the adult ET was newborn wild-type and Jf/+ mice. The Jf/+ Eustachian tube is narrowed at the orifice of the middle ear cavity (arrow). G,H. 3D reconstructions of the Eustachian tube and part of the middle ear cavity in wild-type and Jf/+ mice. The bend in the Jf/+ Eustachian tube is indicated (arrow). (Mice were siblings and both aged 50 days). I-L. Histopathology of the middle ear cavity demonstrating middle ear glue (I and J, arrows) and polypoid exophytic growths that project into the tympanic cavity (K. and L, arrows). Scale bar = 100 lm. b narrower in adult Jf/+ mice and was bent (Fig. 4G,H  arrow) . During surgery, the ME bony wall appeared thicker in mutants and the cavity was lined by a vascular membrane. Mutants aged 11 months and older also showed tympanic membrane retraction and excess calcification at scattered sites around the ME cavity, and the external ear was filled with cerumen.
Histolopathological examination demonstrated that Jeff showed a chronic proliferative otitis media. The mucosal inflammation was diffuse and of moderate severity. There were differing types of effusion: a dense granulocyte-rich effusion (Fig. 4I) , a thin watery effusion (Fig. 4J) or a combination of both. The most striking lesions were papillary to polypoid exophytic growths that projected into the tympanic cavity (Fig. 4K,L arrows) . These growths were covered with flat to cuboidal epithelium that appeared to be eroded in several areas. The projections were supported by moderate connective tissue stroma that was moderately to highly edematous and contained starshaped fibroblasts. In the deeper layers of the submucosa, there were small accumulations of inflammatory cells and dilated lymphatics and blood vessels. There was evidence of inflammatory cell emigration through the epithelium. The polypoid projections were most likely due to fibroblast stimulation as a consequence of chronic inflammation. Polypoid projections were observed by SEM, which also revealed an intermixing of the ciliated cells with nonciliated cells instead of the distinct lawn of ciliated cells seen around the entrance of the eustachian tube in controls (Fig. 5A-D) . The nonciliated cells appeared to have longer microvilli in mutants than in controls. These changes are similar to those described in otitis media following experimental eustachian tube obstruction (Kuijpers et al. 1984) .
The Jeff mutant was initially discovered in a conventional facility. In order to determine if a pathogenfree environment would affect the development of otitis media in Jeff mutants, we rederived mice into both conventional and pathogen-free facilities. This experiment allowed us to investigate the development of otitis media in an environment devoid of the exogenous pathogens found in our conventional facility. Embryos obtained from IVF matings of Jf/+ sperm to C3H/He eggs were reimplanted into foster mothers housed in conventional animal house space or in isolators. Surprisingly, we found that rederived mice in both environments developed deafness and affected mice had glue in their middle ears as observed in sections (data not shown). Of 14 mice transferred to isolators, 7 developed deafness, while 11 developed deafness out of 21 mice rederived into conventional facilities, consistent with Mendelian inheritance. We compared the immune status of Jf/+ and wild-type mice raised in isolators. Age-matched Jf/+ and +/+ mice were compared at 43-44 days and 121-127 days for lymphocytes, neutrophils, monocytes, lymphocyte cell surface markers CD3, CD4, CD19, and MHC class II cell surface expression. At 43-44 days, the Jf/+ mice born in isolators have a significantly higher number of neutrophils compared with control mice (mean value % neutrophils of stained cells for Jf/+ mice = 18.37 ± 2.3; +/+ = 12.84 ± 5.4, p = 0.027). Both Jf/+ and +/+ mice show similar low levels of MHC class II cell surface expression (mean value % of stained lymphocytes for Jf/+ mice = 0.30 ± 0.21; +/+ = 0.27 ± 0.16) that may indicate an inflammatory response occurring in Jf/+ mice in the absence of an antigenic stimulus.
The cytokines TNFa, IL-1b, and IL-8 have been identified in 77-91%, 67-97%, and 92-100%, respectively, of chronic middle ear effusions in humans (Maxwell et al. 1994; Johnson et al. 1997) . Cytokines are produced by inflammatory cells and play a role in controlling the acute inflammatory response. Also cytokines may be secreted by a variety of cells present in the innate and adaptive immune system as a result of an inflammatory stimulus. Induced animal models of otitis media suggest that one inflammatory stimulus is bacterial endotoxin, which stimulates TNFa production leading to mucin production and mucous hyperplasia (Ball et al. 1997; DeMaria and Murwin 1997; Rose et al. 1997; Hunter et al. 1999 ). Immunohistochemistry was carried out on Jf/+ and +/+ middle ear cavities with polyclonal antibodies raised to the cytokines TNFa, IL-1b, and IL-8. Jeff middle ear effusions stained strongly positive for all three cytokines (brown coloration from the DAB staining, Fig.  6A -D) in contrast with wild-type mice where no labeling was observed (data not shown).
DISCUSSION
The Jeff mutation maps to chromosome 17 and identifies a novel genetic locus involved in predisposition to OME. The main phenotype observed in Jeff mice is a chronic proliferative otitis media. Jeff mice develop OME in pathogen-free conditions, suggesting that they demonstrate either a genetically predisposed hypersensitivity to any normal endogenous bacteria that may still be present, or they show a constitutive inflammatory response that does not require an infection as a trigger. There is considerable disturbance to the structure of the Jeff eustachian tube that may contribute to the development of otitis media.
Increased susceptibility (in some animal house environments) to the development of an otitis media has previously been described in three inbred strains: C3H/HeJ, CBA/J, and LP/J (Steel et al. 1987; McGinn et al. 1992; Mitchell et al. 1997 ). In C3H/HeJ, the disease is not fully penetrant. Around 33% of mice develop an otitis media and age of onset varies widely from 2 to 18 months. Similarily, in CBA/J, by 180 days around 50% of mice have developed an otitis media. In LP/J, by 75 days 50% of mice had fluid in the middle ear cavity. This is in marked contrast to Jeff where the mutation is fully penetrant and all mice appear to be affected following weaning. In C3H/ HeJ, nonresponsiveness to bacterial lipopolysaccharide (LPS) due to a gene defect on chromosome 4 may underlie the failure to clear middle ear disease (Mitchell et al. 1997) , though this is not proven. The CBA/J mouse carries an X-linked defect in T helper cells that is responsible for B-lymphocyte maturation and may contribute to increased susceptibility to infection and the onset of otitis media (Goodman and Weigle 1979) . Other genes may contribute to the susceptibility seen in CBA/J, C3H/HeJ, and LP/J. p73-deficient mice also develop an otitis media, but this is part of a wider spectrum of infections including rhinitis and conjuctivitis (Yang et al. 2000) . Similarly, mice with suppressed NF-KB function show chronic otitis media as one feature of a wide spectrum of phenotypes including defects in epidermal organogenesis (Schmidt-Ullrich et al. 2001) . The chronic otitis media appears to be caused by Staphylococcus aureus infections resulting from macrophage dysfunction, though the susceptibility to otitis media may be compounded by impaired mucous gland function. A mouse model of Mucopolysaccharidosis type VII that lacks b-glucuronidase also develops otitis media, excess cerumen, and a mild craniofacial anomaly, among other diverse pathologic features associated with lysosomal storage disease (Berry et al. 1984) .
We know nothing of the predisposing genetic factors to OME in the human population (Casselbrant et al. 1999) and, in addition, the etiology of OME and the underlying pathological mechanisms still remain relatively obscure. Other areas that clearly need to be addressed to further evaluate Jeff as a model for the study of otitis media are the function of the eustachian tube and its cilia, the status of the tubal muscles, and the identification of any pathogens that may contribute to the development of the disease. However, we have presented evidence for one major genetic locus predisposing to otitis media. The Jeff mutant will allow us to describe the genetic basis for at least one major etiological factor in OME and to relate this to the developing pathology in both mouse and human.
